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ABSTRACT 

An  innovative  adaptive  optic  is  discussed  that  provides  a  range  of  capabilities  unavailable  with  either  existing, 
or  newly  reported,  research  devices.  It  is  believed  that  this  device  will  be  inexpensive  and  uncomplicated  to 
construct  and  operate,  with  a  large  correction  range  that  should  dramatically  relax  the  static  and  dynamic 
structural  tolerances  of  a  telescope.  As  the  areal  density  of  a  telescope  primary  is  reduced,  the  optimal  optical 
figure  and  the  structural  stiffness  are  inherently  compromised  and  this  phenomenon  will  require  a  responsive, 
range-enhanced  wavefront  corrector.  In  addition  to  correcting  for  the  aberrations  in  such  innovative  primary 
mirrors,  sufficient  throw  remains  to  provide  non-mechanical  steering  to  dramatically  improve  the  field  of  regard. 
Time  dependent  changes  such  as  thermal  disturbances  can  also  be  accommodated.  The  proposed  adaptive 
optic  will  overcome  some  of  the  issues  facing  conventional  deformable  mirrors,  as  well  as  current  and  proposed 
MEMS-based  deformable  mirrors  and  liquid  crystal  based  adaptive  optics.  Such  a  device  is  scalable  to  meter 
diameter  apertures,  eliminates  high  actuation  voltages  with  minimal  power  consumption,  provides  long  throw 
optical  path  correction,  provides  polychromatic  dispersion  free  operation,  dramatically  reduces  the  effects  of 
adjacent  actuator  influence,  and  provides  a  nearly  100%  useful  aperture.  This  article  will  reveal  top-level  details 
of  the  proposed  construction  and  include  portions  of  a  static,  dynamic,  and  residual  aberration  analysis.  This 
device  will  enable  certain  designs  previously  conceived  by  visionaries  in  the  optical  community. 

Keywords:  Optical,  adaptive  optic,  membrane,  large,  polymer 

1.  INTRODUCTION 

This  Adaptive  Optic  (AO)  concept  is  referred  to  as  a  Pressure-augmented,  Boundary-controlled,  Spatially- 
actuated  (PBS)  adaptive  mirror.  The  concept  was  enabled  by  products  produced  from  the  membrane  mirror 
program  which  has  enabled  production  of  large  diameter  (10-100  cm)  optical  quality  polyimide  based  membrane 
films  with  dielectric  coatings.  In  this  paper  we  discuss  the  theoretical  aspects  of  the  boundary  control  of  static 
wavefront  aberrations  attainable  by  such  a  mirror,  as  well  as  the  stiffening  and  damping  effects  of  the  air  gap 
(see  figure  1),  and  the  added- mass  effects  of  the  air  external  to  the  membrane  front  surface. 

The  latter  two  are  fluid/structure  interactions  that  affect  the  natural  vibration  frequencies  of  the  membrane; 
they  are  competitive  in  that  the  stiffening  by  the  air  gap  would  be  expected  to  raise  the  frequencies  (desirable), 
while  the  added-mass  effect  of  the  external  air  would  be  expected  to  lower  the  frequencies  (undesirable).  Our 
system  is  unique  as  the  PBS  will  be  operated  at  very  low  membrane  tension  (T  ft*  10  —  50  N/m,  a  force  per  unit 
circumferential  length)  in  order  to  (a)  reduce  the  forces  required  to  actuate  it,  and  (b)  reduce  the  load  on  its 
boundary  ring.  Reduction  of  the  actuation  and  boundary  forces  lowers  the  required  actuation  voltages,  leading 
to  lower  power  requirements  and  reduction  in  system  weight.  In  addition  to  operating  in  a  low  tension  state,  the 
dimensionless  aspect  ratio  of  air  gap  depth,  C,  to  membrane  radius,  a,  for  the  PBS  is  quite  small  (on  the  order 
of  ICE3  —  ICE4).  The  two  requirements  of  low  tension  and  low  aspect  ratio  define  a  regime  of  fluid/structure 
interaction  that  has  been  for  the  most  part  neglected  in  the  existing  literature.  This  interaction  must  be  fully 
understood  as  a  preliminary  to  the  design  of  control  algorithms  for  dynamic  control  of  the  adaptive  mirror  in 
the  presence  of  external  noise  sources.  The  results  of  such  a  study  should  also  directly  benefit  researchers  in 
the  field  of  MEMS-based  adaptive  optics  designed  to  operate  under  a  subset  of  these  conditions. 
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The  possibility  of  compensating  for  particular  types  of  static  aberration  by  deforming  the  boundary  ring  of  a 
tensioned  membrane  was  suggested  in  earlier  publications  by  Angel  and  his  co-workers. 1-4  We  provide  additional 
detail  here  regarding  the  appropriate  shape  of  the  boundary  for  a  given  wavefront  aberration,  and  introduce  a 
new  set  of  polynomials  intimately  related  to  the  Zernike  circle  polynomials.  Unlike  the  Zernike  polynomials, 
however,  each  of  these  polynomials  is  zero  at  the  membrane  edge.  Expressing  the  wavefront  aberration  in  terms 
of  this  set  yields  a  significantly  lower  amplitude  residual  to  be  compensated  by  (nonuniform)  spatial  actuation 
(for  example,  using  electrostatic  actuators) . 

The  final  feature  of  our  concept  is  the  establishment  of  a  uniform  (hydrostatic)  pressure  difference  between 
the  front  (top)  and  back  (bottom)  surfaces  of  the  membrane.  This  can  be  achieved  by  sealing  the  space  between 
the  membrane  bottom  surface  and  the  backplate,  and  then  either  raising  or  lowering  the  pressure  of  the  air 
in  this  closed  volume.  As  we  shall  show,  such  a  pressure  difference  can  effectively  compensate  for  any  defocus 
component  of  the  wavefront  aberration. 

Since  the  late  1970’s,  when  the  earliest  attempts  at  construction  of  adaptive  mirrors  utilizing  membranes  as 
reflecting  elements  were  made  by  Grosso  and  Yellin,5  it  has  been  known  that  the  air  gap  between  membrane 
and  backplate  affects  to  some  extent  the  dynamic  behavior  of  the  mirror.  However,  to  the  present  day,  this 
interaction  does  not  appear  to  be  well-understood,  and  to  our  knowledge  has  never  been  treated  systematically 
with  quantifiable  results.  By  systematic  and  quantifiable,  we  mean  an  understanding  of  the  mirror  dynamics 
obtained  by  application  of  an  appropriate  theory.  In  fact,  to  our  knowledge,  the  only  attempt  to  explain  the 
effects  of  the  air  gap  occurred  in  the  original  paper  by  Grosso  and  Yellin,5  where  Morse’s6  theory  of  the 
kettledrum  (see  pp.  193-195  of  Morse,6  and  his  Eq.  (22.5),  p.  221)  was  used  to  compute  the  change  in  natural 
frequencies  due  to  the  presence  of  the  air  gap.  In  Grosso  and  Yellin,5  experimental  results  for  the  damping 
effects  of  the  air  are  also  discussed,  citing  only  a  private  communication  from  M.  J.  E.  Golay  as  reference.  No 
attempt  was  made  by  these  authors  either  to  derive  equations  describing  the  damping  effects  due  to  air  viscosity, 
or  to  put  Morse’s  kettledrum  analysis  of  the  natural  frequency  changes  on  a  firm  theoretical  foundation,  i.e., 
to  determine  under  what  circumstances  his  results  follow  from,  say,  the  Navier-Stokes  theory  of  a  viscous  fluid. 
It  is  thus  difficult  to  determine  the  applicability  of  the  results  in  Grosso  and  Yellin5  to  systems  defined  by 
parameters  different  from  those  treated  there. 

Our  intention  is  to  provide  a  theoretical  foundation  for  the  study  of  these  effects,  including  criteria  for 
determining  the  applicability  of  a  particular  theory  to  a  particular  problem.  We  take  as  our  fundamental 
premise  that  the  air  in  the  gap  and  external  to  the  membrane  is  a  viscous  gas,  described  by  the  Navier-Stokes 
equations  of  fluid  dynamics.  These  equations  can  be  put  into  a  non-dimensional  form  using  characteristic  values 
of  air  pressure,  air  density,  fluid  velocity,  system  geometry  (length  scales),  and  a  time  scale,  from  which  one 
can,  in  principle,  determine  the  dominant  terms  of  the  equations.  The  terms  retained  characterize  a  particular 
theory,  whose  equations  must  be  solved  to  determine  the  effects  of  air  damping,  stiffening,  and  added  mass  on 
the  membrane  dynamics.  The  membrane  dynamics  are  assumed  to  be  governed  by  the  membrane  equations 
of  elasticity  theory,  subject  to  the  loading  effects  of  the  air  pressure,  so  the  resulting  theory  will  involve  the 
coupling  between  Navier-Stokes  fluid  dynamics  and  membrane  mechanics.  Our  specific  goals  are  to  derive  the 
appropriate  coupled  equations  involving  the  membrane  displacement  and  the  air  pressure  differential  induced 
by  this  displacement,  and  solve  the  equations  to  obtain  the  altered  natural  frequencies  and  membrane  modes. 
The  full  details  of  this  analysis  are  well  beyond  the  page  constraint  of  this  article,  and  our  research  is  still  not 
complete,  so  what  may  at  times  appear  to  be  heuristic  arguments  are  in  fact  the  results  of  a  nearly  completed 
thorough  theoretical  study.  These  details  will  be  provided  by  one  of  the  authors  (JMW)  to  the  Air  Force  Office 
of  Scientific  Research  (AFOSR)  in  a  Laboratory  Annual  Report  for  FY2005  (entitled  “Analysis  of  air  gap  effects 
on  the  dynamics  of  an  adaptive  membrane  mirror”).  We  present  here  only  a  brief  overview  of  the  results  of  this 
study. 


2.  DEVICE  DESCRIPTION 

No  specific  hardware  has  yet  been  assembled  to  validate  the  assertions  claimed  in  this  article  but  a  significant 
amount  of  related  work  does  support,  at  various  levels,  the  concepts.7  These  are  enabled  primarily  by  the  large 
area  optical  quality  membranes  manufactured  by  SRS  Technologies,  Huntsville,  AL.  The  Air  Force  Research 


Figure  1:  General  description  of  PBS 


Laboratory,  Directed  Energy  Directorate  (AFRL/DE),  supported  this  development  through  a  series  of  Small 
Business  Innovative  Research  (SBIR)  contracts.  AFRL/DE  used  a  5-micrometer  thick  polyimide  film  to  image 
Saturn,  which  is  the  only  instance  of  a  membrane  being  used  to  image  a  planet.8  A  1-meter  diameter  film  has 
been  manufactured  with  a  thickness  variation  of  30  nm  rms 

The  primary  function  of  this  device  is  to  allow  large-area  long-throw  aberration  correction.  The  degrees-of- 
freedom  of  interest  are  boundary  ring  displacement,  hydrostatic  control,  and  electrostatic  control  (piston,  tip, 
and  tilt  will  be  ignored).  Selected  components  of  the  wavefront  error  (defocus,  astigmatism,  trefoil,  and  others 
)  can  be  removed  using  a  combination  of  extremely  low  hydrostatic  pressure  (either  positive  or  negative)  and 
boundary  ring  displacement.  Low  voltage  electrostatic  actuators  will  be  used  to  eliminate  the  remaining  higher- 
order  aberrations  such  as  coma,  third-order  spherical  aberration,  and  others.  Historically,  this  approach  to 
wavefront  compensation  has  relied  almost  solely  on  the  use  of  electrostatic  actuation  across  a  reduced  aperture 
that  avoids  an  annular  region  near  the  boundary.  Figure  1  shows  the  general  configuration  of  the  PBS. 

For  convenience,  the  control  authority  of  the  PBS  will  be  separated  into  four  categories: 

Control  1:  Piston,  tip/tilt  is  a  common  well-known  control  authority  and  is  not  considered  here. 

Control  2:  Hydrostatic  pressure  offers  the  unique  ability  to  identically  correct  for  defocus.  Note  that  it  is 
not  necessary  to  consider  an  actuator  influence  function  for  this  correction. 

Control  3:  Boundary  undulation  can  be  implemented  using  a  variety  of  existing  actuation  devices  such  as 
PZTs  and  others.  This  degree-of-freedom  allows  identical  correction  for  any  order  of  astigmatism.  Again,  it  is 
not  necessary  to  consider  an  actuator  influence  function  for  this  correction. 

Control  4:  This  degree-of-freedom  is  used  by  all  of  the  existing  MEMS  concepts,  but  for  the  PBS  the  vast 
majority  of  the  aberration  is  corrected  using  control  authorities  1,  2,  &  3,  above.  This  relaxes  the  higher  voltage 
demands  required  by  MEMS  concepts,  and  significantly  reduces  the  effect  of  actuator  influence  by  dramatically 
reducing  the  magnitude  of  correction  required  by  the  spatial  control  actuators. 


3.  STATIC  ABERRATION  COMPENSATION 

We  begin  with  the  dynamical  equation  of  motion  of  an  elastic  membrane,  viz., 
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The  left-hand  side  of  (1)  contains  the  two-dimensional  Laplacian  operator  in  plane  polar  coordinates  acting  on 
the  axial  displacement  w(r,  9,t): 
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In  equation  (1)  T  is  the  (assumed  to  be  uniform)  tension  in  the  membrane,  and  j0  is  the  areal  density  (kg/m2) 
of  the  membrane,  i.e., 

To  =  pmh>  (3) 


where  pm  is  the  membrane  mass  density  (kg/m3),  h  is  the  membrane  thickness,  and  A p  is  the  pressure  differential 
across  the  membrane.  A  standard  derivation  of  equation  (1)  can  be  found  in,  for  example,  Graff’s  textbook.9 


Suppose,  now,  that  an  aberrated  wavefront  is  incident  on  the  membrane  reflector.  The  light  is  first  passed 
thru  a  wavefront  analyzer  to  measure  its  aberrations,  and  it  is  assumed  that  the  aberration  does  not  change 
over  the  interval  of  time  necessary  to  deform  the  membrane  to  a  shape  that  compensates  for  some,  or  all,  of  the 
measured  aberration.  The  membrane  surface  can  be  changed  by  either  deforming  the  boundary,  or  increasing 
or  decreasing  the  air  pressure  in  the  gap.  In  addition,  we  suppose  that  electrostatic  actuators  providing  an 
additional  electrostatic  pressure  pe(r,  9)  are  used  to  further  deform  the  membrane  in  an  attempt  to  remove  the 
small  aberrations  that  remain.  Assuming  that  the  aberrations  are  changing  slowly  enough  for  the  membrane  to 
achieve  a  new  equilibrium  configuration,  the  dynamic  equation  (1)  simplifies  to  the  time-independent  equilibrium 
equation 
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where  the  electrostatic  pressure  is  assumed  to  enter  into  the  equation  in  the  same  way  as  the  hydrostatic  pressure 
difference  A p.  It  is  convenient  to  introduce  a  dimensionless  radial  variable 
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in  which  case  the  equilibrium  equation  can  be  written  as 
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is  the  Laplacian  in  dimensionless  coordinates.  The  displacement  w(r,  9)  required  to  compensate  for  a  wavefront 
aberration  IF(r,  0)incident  upon  the  membrane  reflector  is  simply  w(r,  9)  =  ^  IF(r,  9). 

Table  1,  which  follows,  compares  a  short  list  of  Zernike  terms  to  the  results  of  a  linear  membrane  mechan¬ 
ics  study.  The  “CorrectablePortion"  column  contains  shapes  that  can  be  identically  assumed  by  amembrane 
utilizing  the  first  three  control  modes.  For  these  corrections  not  a  single  electrostatic  actuator  is  required,  and 
there  is  no  need  to  consider  actuator  influence. 

An  important  feature  of  the  PBS  concept  is  the  dramatically  reduced  electrostatic  pressure  required  to 
compensate  for  residual  aberrations,  since  a  typical  aberration  is  dominated  by  components  that  can  be  fully 
compensated  with  control  authorities  1  through  3.  Based  on  a  preliminary  analysis,  voltages  on  the  order  of 
10  volts  should  be  sufficient  to  completely  remove  the  total  residual  aberration.  However,  more  work  will  be 
needed  to  fully  understand  the  design  space.  The  summary  will  discuss  one  potential  advantage  of  low  voltage 
electrostatic  control. 
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f'sinSO 

0 

(3 r3  —  2 r)  sin  9 

Third-order  coma  (along  a:-axis) 

—2rsin9 

3r3  sin  9 

(3 r3  —  2 r)  cos  6 

Third-order  coma  (along  y-axis) 

— 2r  cos  9 

3 r3  cos  9 

r3  cos  38 

Triangular  astigmatism  (y-axis  base) 

r3  cos  36 

0 

f4  sin  46 

f4  sin  46 

0 

(4 f4  -  3f2)  sin  26* 

—3r2  sin  28 

4F4  sin  28 

6 f4  -  6f2  +  1 

Third-order  spherical 

-6^  +  1 

6  r4 

(4F4  -3r2)cos26» 

— 3r2  cos  29 

4 f4  cos  29 

f4  cos  4  9 

f4  cos  4  9 

0 

f5  sin  5 6 

f5  sin  59 

0 

[Sr5  —  4F3)  sin  36* 

—4 rA  sin  39 

Sr5  sin  39 

(lOf5  -  12r3  +  3r)  sin  6 

3r  sin  9 

(lOr5  -  12F3)  sin  9 

(lOf5  -  12r3  +  3r)  cos  9 

3 r  cos  9 

(lOr5  -  12r3)  cos  6* 

(Sr5  —  4r3)cos3  8 

-4 f3  cos  39 

Sr5  cos  38 

r5  cos  59 

r5  cos  58 

0 

Table  1.  Wavefront  correction  by  uniform  pressure  difference  and  boundary  displacement  alone  (for  wavefront  aberration 
due  to  first  21  Zernike  polynomials) 


4.  CHANGING  THE  RADIAL  POLYNOMIAL  BASIS 

The  Zernike  radial  polynomials  may  not  be  the  most  convenient  basis  representation  of  the  wavefront  aberration 
for  membrane  mirror  analysis.  For  a  given  Zernike  radial  polynomial  Z^(f),  and  m  >  2,  we  introduce  a  new 
polynomial  C±(f) defined  by 

C£(f)  =  Z£(f)  -  r",  m>  2.  (8) 

Using  Malacara’s  definition10  of  the  Zernike  radial  polynomials,  it  is  not  difficult  to  show  that  when  m  =  n, 
C ™( f)  =  0.  More  importantly,  for  m  ^  n,  each  of  these  polynomials  is  zero  at  both  the  center  r  =  0  and  the 
edge  r  =  1.  The  latter  property  leads  us  to  refer  to  these  polynomials  as  “clamped”. 

Consider,  for  example,  the  Zernike  radial  polynomial  Z3(f)  =  5 r5  —  4r3  appearing  in  the  row  second  from 
the  bottom  of  Table  1.  The  corresponding  clamped  polynomial  is  Cf  (r)  =  Z3(r)  —  r 3  =  Sr5  —  5r3  =  5  (r5  —  r3). 
Now,  the  residual  aberration  using  the  Zernike  radial  polynomial  is  proportional  to  r5 ,  as  indicated  in  Table  1, 
but  if  the  clamped  polynomial  is  used,  the  residual  aberration  can  be  shown  to  be  proportional  to  r5  —  f3 
(again,  using  only  boundary  displacement  compensation).  Figure  2  shows  graphs  of  the  residual  aberrations  for 
this  example,  and  it  is  clear  that  in  terms  of  the  clamped  polynomial  the  maximum  residual  to  be  corrected  by 
electrostatic  actuation  is  roughly  20%  of  that  required  using  the  Zernike  polynomial.  Thus,  it  would  appear  that 
by  expressing  the  wavefront  aberration  in  terms  of  clamped  polynomials  rather  than  Zernike  radial  polynomials, 
the  amount  of  residual  aberration  to  be  compensated  by  electrostatic  actuation  could  be  reduced  considerably, 
thereby  reducing  the  actuation  voltages  required.  The  mathematical  details  of  this  analysis  will  be  provided  in 
the  FY05  Laboratory  Annual  Report  to  AFOSR  mentioned  earlier. 


1 


Normalized  Radial  Coordinate  (  p  =  r/a) 


Figure  2:  Zernike  residual  (Z$)  verus  clamped  boundary  residual 

5.  THE  AIR  GAP 

The  “air”  gap  has  the  potential  to  stiffen  the  system  and  significantly  increase  the  fundamental  frequencies, 
reducing  ambient  vibrations  below  optical  tolerances.  Again,  this  fortunate  circumstance  is  made  possible  by 
the  small  dimensionless  aspect  ratio  1/ a  of  air  gap  depth  t  to  membrane  radius  a.  The  fluid  dynamics  of  the  gap 
should  account  for  the  viscous  nature  of  the  gas  both  within  the  gap  and  on  the  surface  of  the  membrane.  The 
analysis  is  thus  complicated  as  one  must  consider  the  coupling  of  the  membrane  dynamical  equation  (1)  to  the 
Navier-Stokes  and  mass  conservation  equations  of  viscous  fluid  dynamics.  More  needs  to  be  done  to  gain  a  full 
understanding  of  the  implications,  but  the  initial  results  are  promising.  A  complete  summary  of  the  analysis 
will  be  provided  in  the  FY2005  AFOSR  Laboratory  Annual  Report  mentioned  twice  previously. 

An  indication  of  what  might  be  expected  of  the  resonant  frequency  when  one  particular  limit  is  examined 
will  help  cast  some  light  on  the  effect  of  the  gap.  We  find  that  in  the  infinite-viscosity  limit  the  radial  and 
circumferential  velocity  components  of  the  gas  must  vanish,  assuming  no-slip  boundary  conditions  at  the  surfaces 
of  the  enclosure.  The  governing  equations  are  then  easily  solved  for  the  resonant  frequencies,  which  are  found 
to  be  given  by  the  simple  expression 


J  ran  — 


P  0 


where  po  is  the  scale  factor  used  to  scale  the  pressure  difference  (taken  to  be  standard  atmospheric  pressure), 
and  otmn  is  the  mth  zero  of  the  ordinary  Bessel  function  Jn  of  order  n.  The  additional  term  ( )  under  the 
radical  indicates  a  stiffening  effect  of  the  gas,  and  is  equivalent  to  the  gas  acting  purely  as  a  spring.  A  significant 


amount  of  work  is  still  required  to  sort  out  the  impact  of  this  and  other  results,  and  to  put  the  entire  design 
parameter  space  into  perspective. 


6.  CONCLUSION 

The  PBS  concept  has  the  potential  to  overcome  a  large  number  of  AO  challenges  that  have  been  addressed  in 
earlier  sections,  but  one  important  feature  deserves  a  forward  looking  statement.  Since  the  electrostatic  control 
voltage  is  on  the  order  of  10  volts,  the  processor  and  a  high  density  electrode  assembly  can  be  incorporated 
directly  behind  the  membrane.  This  dramatically  reduces  the  number  of  control  wires  to  the  AO  and  opens  the 
possibility  of  using  a  set  of  densely  packed  actuators  that  will  help  smooth  the  actuation  field,  further  reducing 
the  influence  effects  of  adjacent  actuators. 

One  drawback  of  the  PBS  concept  is  the  low  dynamic  operating  bandwidth  since  the  gap  has  substantially 
stiffened  the  system  and  the  lower  voltage  actuators  will  supply  only  a  limited  amount  of  force.  One  possible  way 
to  overcome  this  restriction  would  be  the  introduction  of  a  MEMS  manifold  to  manage  the  airflow  in  the  gap. 
One  could  envision  a  multi-channel  micro-volume  management  mechanism  incorporated  into  the  electrostatic 
actuator  plane  to  help  improve  the  dynamic  response. 

Also,  there  may  be  a  dramatic  change  in  the  membrane  mechanics  when  a  dielectric  coating  is  added  to  the 
polyimide  sheet.  Since  the  thickness  of  the  polyimide  layer  may  be  on  the  order  of  the  thickness  of  the  dielectric 
stack,  and  the  elastic  modulus  of  the  polyimide  is  much  less  then  the  modulus  of  the  dielectric  materials,  the 
resulting  stiffness  of  the  composite  structure  can  be  significantly  higher.  The  composite  layer  may  in  fact  be 
sufficiently  stiff  that  the  assumption  that  the  system  acts  as  a  true  membrane  might  be  compromised.  The  use 
of  control  authorities  1  through  3  would  in  that  case  become  even  more  important  in  the  effort  to  lower  the 
electrostatic  control  voltages  and  reduce  the  actuator  influence  effects. 
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